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The purpose of ultrasonic inservice inspection (UT/ISI) of nuclear 
reactor piping and pressure vessels is the reliable detection and sizing 
of material defects. Before defects can be sized, they must first be 
detected. This is typically done by analyzing ultrasonic echo waveforms 
with an amplitude greater than a certain percentage of that of a calibra-
tion reflector such as a 10% notch [1]. Studies performed at Pacific 
Northwest Laboratory (PNL) [2] and elsewhere [3-5] have shown that changing 
the components of an ultrasonic inspection system can greatly affect echo 
amplitude from a defect even when conventional calibration procedures are 
used, thus reducing the reliability of defect detection. To address this 
problem, ASME code [6] has provided tolerance levels for equipment para-
meters (e.g., center frequency and bandwidth) when inspection components 
are changed. However, some of the code requirements are based on engineer-
ing judgement and lack a strong analytical foundation. In this paper, 
the results of sensitivity studies performed to determine the effects of 
equipment parameter changes to provide an analytical basis for ASME code 
are presented. 
In the work presented here, mathematical models of the UT/ISI system 
are used in sensitivity studies to determine the effect of system band-
width and center frequency on echo amplitude. Since this approach pro-
vides great flexibility in investigating equipment changes, this analysis 
is more rigorous than would be possible with experimental studies. The 
significant findings of the model studies are confirmed by experiments 
using artificial defects. The studies presented here deal primarily with 
the repeatability and thus the reliability of manual, 45° shear wave, 
pulse-echo inspection of piping with wall thicknesses less than 50 mm; 
however, many of the concepts are applicable to other inspection configura-
tions. 
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MODELING 
A two-dimensional, ray tracing model is used to calculate the ultra-
sonic frequency response {transfer function) of a steel sample with a 
surface-connected crack. The resulting transfer function of the acous-
tical system is combined with representative equipment waveforms of dif-
fering bandwidth and center frequency to obtain the echo waveform. The 
peak absolute value of the echo waveform is recorded as the echo ampli-
tude. The echo amplitudes of the flaws are normalized by dividing by the 
calculated echo amplitude of a vertical, 10% through-wall notch. 
The model was developed at PNL with assistance from the staff of 
Ames Laboratory/Iowa State University. The model considers only specular 
reflection {crack tip diffraction is not considered) from a smooth crack. 
The two crack faces are assumed traction free and not touching. Compari-
son with experiment data shows that the model is valid for inspection of 
large strip flaws [7]. The crack simulation model is based on ray tracing 
methods similar to those used by Scruby et al. [8]. The original phase 
and amplitude of a ray is calculated using the appropriate Miller and 
Pursey directivity function [9]. Transmission coefficients are taken 
from Lutsch and Kuhn [10], and reflection coefficients are from Krautkramer 
[11] and also Graff [12]. The response of the receiving piezoelectric 
element is taken to be proportional to the integrated pressure over the 
element face; thus, the receiving piezoelectric is assumed to be locally 
reactive [13]. Single-frequency calculations are repeated over a range 
of frequencies to approximate the system transfer function. 
The transfer functions of specular reflection from certain large, 
smooth flaws have a shape that makes the inspection results sensitive to 
equipment system bandwidth and center frequency changes. Seven of these 
postulated worst-case flaws (Table 1) whose calculated transfer functions 
are plotted in Fig. 1 are used in the sensitivity studies that follow. 
Other types of flaws have transfer functions that make inspection results 
sensitive to equipment changes, but large, smooth flaws are believed to 
be worse, though more work is required to identify the absolute worst-
case flaws for sensitivity to equipment changes. 
Waveforms representative of those of typical inspection systems of 
various bandwidths and center frequencies are calculated by applying a 
cosine-squared amplitude windowing function to a single frequency sine 
wave. The frequency of the sine wave is the center frequency, and the 
length of windowing function determines the bandwidth. 
Table 1. Postulated worst-case flaws. 
Percent Angle 
Name Probe Material Through From 
Size Thickness -Wall Vertical 
Flaw B 6mm 19 mm 90% -57°* 
Flaw C 12 mm 19 mm 90% 6.5° 
Flaw D 12 mm 19 mm 90% -48° 
Flaw E 12 mm 76 mm 90% 6.5° 
Flaw F 12 mm 76 mm 90% -49° 
Flaw G 25 mm 76 mm 90% 3.5° 
Flaw H 25 mm 76 11111 90% -45.5° 
*Minus sign indicates that defect is angled away from the inspection probe. 
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Fig. 1. Calculated transfer functions for seven postulated worst-case 
flaws. Curves are not normalized with respect to one another. 
MODELING BANDWIDTH SENSITIVITY STUDY 
An equipment bandwidth sensitivity study was conducted by convolving 
the worst-case flaw impulse responses (the inverse Fourier transform of 
the transfer functions) with waveforms representative of ultrasonic inspec-
tion systems with bandwidths ranging from 273 kHz (12%, very narrow-band) 
to 3.48 MHz (155%, very broadband). In each case, the equipment center 
frequency remained at 2.25 MHz. In Fig. 2, one curve of normalized ampli-
tude versus bandwidth is plotted for each postulated worst-case flaw. 
ASME standards do not contain tolerances for measurement repeatability, 
so adequate measurement repeatability is arbitrarily defined here as :2 dB 
(:26%). The 2 dB criterion was chosen after discussing the issue with PNL 
staff involved in ASME standards legislation. The results in Fig. 2 indi-
cate that a bandwidth change of 10% as allowed by current ASME standards 
would produce a calibrated echo response change of less than 2 dB for the 
seven postulated worst-case flaws considered (i.e., none of the curves in 
Fig. 2 are steeper than the 2 dB/10% slope reference line). If the band-
width tolerance was relaxed from its current ASME code value of ~10% to a 
less conservative value of ~20%, a :2 dB repeatability could still be main-
tained according to this model study; but it should be recognized that flaws 
whose inspections are more sensitive to equipment bandwidth changes than 
the postulated worst-case flaws used in this study may exist so that some 
extra margin should be maintained. It should also be noted that the ASME 
bandwidth equipment tolerance pertains to individual inspection system 
components (e.g., the transducer) and not the entire inspection system as 
considered here. This should present no problem, since the change in system 
bandwidth should be equal to or smaller than the change in bandwidth of the 
component. Thus, this model study suggests that the ASME standard of :10% 
for component bandwidth changes is appropriate. 
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MODELING CENTER FREQUENCY SENSITIVITY STUDY 
In the center frequency sensitivity study the effect of equipment 
center frequency changes about a nominal value of 2.25 MHz was determined 
for various postulated worst-case flaw and equipment bandwidth combina-
tions. Center frequency sensitivity calculation results for the worst of 
the seven postulated worst-case flaws (flaw E) are plotted in Fig. 3. 
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Fig. 2. Bandwidth sensitivity study results for seven postulated worst-
case flaws. 
The results in Fig. 3 indicate that a center frequency change of 10% 
as allowed by current ASME standards would produce a calibrated echo 
response change of less than 2 dB for the 112% and 177% bandwidth inspec-
tion systems. As the bandwidth becomes narrower, the center frequency 
sensitivity curve mimics more closely the original flaw transfer function (Fig. 1). A center frequency tolerance of z5% is required to limit the 
echo response change of the 28%, 44%, and 70% bandwidth inspection sys-
tems to z2 dB. These results suggest that the ASME standard of z10% for 
component center frequency changes is not appropriate for inspection sys-
tems with bandwidths less than approximately 100%. A tolerance of z5% 
appears to be more appropriate for inspection systems with bandwidths 
between approximately 20% and 100%. Further, the results suggest that 
inspection systems with bandwidths less than 20% may be too sensitive to 
center frequency changes to allow repeatable detection of worst-case 
defects. To put these results in perspective, the typical bandwidth of 
modern field inspection, piezoelectric transducers is approximately 50%. 
High resolution, field inspection transducers have bandwidths as high as 
100%. Typically, only laboratory systems have bandwidths greater than 
100%. High penetration, tone burst inspection systems can have 
bandwidths of 20%. 
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EXPERIMENTAL CENTER FREQUENCY SENSITIVITY STUDY 
The conclusion that the ASME code center frequency tolerance of ~10% 
may not be sufficient to ensure repeatable inspection of worst-case 
defects is very significant and warrants further investigation, so an 
experiment was performed to test the center frequency sensitivity of 
worst-case defect inspection. Existing samples were pre-screened using 
broadband ultrasonic spectroscopy measurements to find worst-case samples 
with spectra that suggest the samples would be sensitive to center fre-
quency changes. The samples do not correspond to the postulated worst-
case defects considered above. 
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Fig. 3. Center frequency sensitivity study results for worst-case flaw E . 
In the experiment, the echo responses from seven transducers of sim-
ilar manufacture but with different center frequencies (1.0, 1.5, 1.8, 
2.0, 2.25, and 5 MHz) were recorded. Two transducers with a center fre-
quency of 2.25 MHz were used to provide statistical data on measurement 
variation. The echo responses were obtained for 45° SV contact inspec-
tion of six artificial defects including worst-case defects (those ex-
pected to have a high sensitivity to inspection system center frequency 
changes) and control defects (those not anticipated to be sensitive to 
center frequency changes). The defect specimens are described in Table 
2. The defects in the 15-mm thick samples were circular saw cuts. 
The data from the experiment is plotted as squares and crosses in 
Figs. 4 and 5. A maximum allowable sensitivity of 2 dB/10% was chosen as 
discussed above. Examination of Figs. 4 and 5 reveals that none of the 
three worst-case defects had center frequency sensitivities greater than 
2 dB/10%; thus, the center frequency sensitivity of the worst-case 
defects tested was acceptable. The control defects displayed no signifi-
cant center frequency sensitivity. 
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Table 2. Experiment Defect Specimens 
Percent Angle 
Name Type Material Thickness Through From 
-Wall Vertical 
44° Al Calibration Aluminum 50 mn 100% -46°* 
43° Al Control Al 50 mn 100% -47° 
55° Al Worst-Case Al 50 mm 100% -35° goo Calibration Stainless 15 mn 100% oo 
Corner Steel 
Flaw Q Worst-Case s.s. 15 mn 50% +15° 
Flaw R Control s.s. 15 mn 50% oo 
* Minus sign indicates that defect is angled away from the inspection 
probe. 
All of the transducers tested were relatively broadband yielding 
system bandwidths of approximately 70% except the 5 MHz transducer which 
produced a system bandwidth of 149%. The modeling studies showed that 
broadband systems are significantly less sensitive to center frequency 
changes than narrow-band systems, so the experimental data was artifici-
ally narrow banded to simulate the response of narrow-band systems with 
various center frequencies. The response was narrow banded by taking the 
amplitude of the response spectrum and low-pass filtering the spectrum 
above the system center frequency and high-pass filtering below the sys-
tem center frequency. The inverse Fourier transform of the filtered 
spectrum was taken to get the artificially narrow-banded time response. 
Filter slopes of 90 and 130 dB/decade were used, resulting in system 
bandwidths of approximately 28% and 19%, respectively. 
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through-wall flaws 
The artificially narrow-banded results are plotted in Figs. 4 and 5. 
The center frequency sensitivities of the 55° Al block and flaw Q 
increased significantly with narrow banding. The center frequency sen-
sitivity for the narrow-band systems is approximately 4 dB/10% which is 
unacceptable per the 2 dB/10% limit that has been adopted for this 
article. A tolerance of •5% appears to be more appropriate for the 20% 
and 28% inspection systems. 
The experiment results are in general agreement with the modeling 
results, but the experiment results do not exhibit as much sensitivity to 
equipment center frequency changes as the modeling results. More work 
needs to be done to determine if the model is over conservative. 
SUMMARY AND RECOMMENDATIONS 
• An equipment bandwidth sensitivity study was performed using mathe-
matical models for thin sections (piping) using postulated worst-
case transfer functions. The results indicate that the ASME Code 
Case N-409-1 bandwidth equipment tolerance of 10% may be sufficient 
to ensure 2 dB signal amplitude repeatability. 
• An equipment center frequency sensitivity study was conducted using 
mathematical models for thin sections employing several combinations 
of worst-case flaws and equipment bandwidth. The results indicate 
that a center frequency change of 10% as allowed by current ASME 
standards would produce a calibrated echo response change of less 
than 2 dB for the 112% and 177% bandwidth inspection systems. A 
center frequency tolerance of *5% is required to limit the echo 
response change of the 28%, 44%, and 70% bandwidth inspection systems 
to *2 dB. These results suggest that the ASME standard of *10% for 
component center frequency changes may not be appropriate for 
inspection systems with bandwidths less than approximately 100%. A 
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tolerance of •5% appears to be more appropriate for inspection systems 
with bandwidths between approximately 20% and 100%. Further, the 
results suggest that inspection systems with bandwidths less than 20% 
may be too sensitive to center frequency changes to allow repeatable 
detection of worst-case defects. 
An experiment was performed to test the center frequency sensitivity 
of worst-case defect inspection. The experiment results were in 
general agreement with the modeling results, but the experiment re-
sults do not exhibit as much sensitivity to equipment center frequency 
changes as the modeling results. None of the defects tested had 
center frequency sensitivities greater than 2 dB/10%; thus, the ASME 
standard of •10% for component center frequency changes seems appro-
priate for inspection systems with bandwidths of approximately 70%. A 
tolerance of •5% appears to be more appropriate for the 20% and 28% 
inspection systems. More work needs to be done to determine if the 
model is over conservative. 
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